meters such as the activation volume and the force-activation distance curve for the dislocation-obstacle interaction were evaluated and found to be in good accord with those previously obtained from the conventional analysis of the temperature dependence of the flow stress and strain rate cycling tests. It is concluded that the thermally activated overcoming of interstitial nitrogen atoms is the rate controlling mechanism in the plastic flow of Ti-N alloys at low temperatures (T< 0.3Tm).
Introduction
The stress relaxation technique has been utilized by tion kinetics of metals. A common method of analyzing the stress relaxation data is based on the determination of the dislocation velocity-stress exponent m* from the relaxation curves(4)(7)(9), the theoretical background being the following.
The imposed strain rate during a constant strain test can be divided into two components, elastic and plastic,
where Ec is the effective modulus of the specimen- 
is an integration constant. Li(7) and Gupta and Li(9) have analyzed the stress relaxation curves for some bcc metals and alloys according to eqs. (5) and (6); m* was calculated from the slope of the linear portion of a log-log plot of the negative of the stress rate versus relaxation time, i.e. (7) where S' is the slope of the long-time, linear part. They have had some success with bcc metals and ionic crystals. Recently Law and Beshers(12) have shown that the Li-Gupta method breaks down on fcc metals unity for fcc and hcp materials to yield negative m*. However, they have not provided any clue to an alternative method of analyzing the data for fcc and hcp materials.
Noble and Hull(4) have shown an alternative method for the analysis. Instead of eq. (4), they used the dislocation velocity-stress relation (8) 
where S is the slope of a log-log plot of the stress versus time. The actual value of m varied with the strain at which the stress relaxation was made in Fe-3.25 at%Si(4) and Noble and Hull attributed the difference between m* and m thus obtained to the existence of internal stress. A variation of m with strain and grain size has been observed by the present authors employing strain rate cycling tests in zone-refined titanium (13) as well as in a series of Ti-N alloys(14). They have shown that the dislocation velocity-stress exponent m* could be derived through elimination of the effects of work hardening and grain size on m.
The objectives of this paper are to apply the stress relaxation tests to a series of Ti-N alloys for which deformation parameters have already been evaluated using conventional thermal activation analysis(15) and also from strain rate cycling tests(14) and to propose an alternative method for analyzing the stress relaxation data of alpha phase Ti alloys.
II . Experimental Procedures
Five Ti-N alloys were prepared from MARZ grade zone-refined titanium and 99.8% TiN powder from the Material Research Corporation, by melting them in a vacuum of less than 10-6 torr with an electron beam. The zone-melted ingots were first cold-rolled was found, the analysis being within the range of asreceived MARZ grade titanium. The nitrogen content was analyzed by the Kjehdahl technique (Table 1) . Homogenized bars were swaged at room temperature to 1.2mm diameter wires without any intermediate annealing, representing a reduction in area of approximately 96%. Table 1 Chemical analyses of as-received MARZ Ti and Ti alloys. Table 2 Heat treatments to obtain various grain sizes.
The swaged wires were chemically polished in a solution of HNO3 and HF, and then annealed in vacuum at several temperatures and for certain periods to obtain the grain sizes of 2, 4 and 15 microns, on referring to the grain growth data for Ti-N alloys by the present authors(16). Table 2 shows the heat treatments to prepare the grain size. Grain sizes were measured under an optical microscope using the conventional linear intercept method. The total length of the tensile specimens was 50mm and the effective gauge length was about 25mm. Stress relaxation tests were conducted with an Instron-type Shimadzu tensile testing machine IS-500 tension to a predetermined load (or plastic strain) at was stopped to allow the load to relax for 5min. These operations were repeated at the plastic strains of approximately 1, 2, 4, 8 and 16% unless otherwise the specimen fractured. Fig. 1 for 0.035 at% N-Ti alloy with the grain sizes of 2, 4 and 15 microns. All the materials exhibited a linear stress-log time relation behavior. The change in with increasing nitrogen content and test temperature, but was independent of the grain size and plastic strain where the stress relaxation was made. This fact implies that work hardening does not affect the stress relaxation.
III. Experimental Results in
Let us first analyze the stress relaxation curves by means of the Li-Gupta method according to eqs. (5) and (6). The logarithm of the stress rate is plotted against the logarithm of relaxation time in Fig. 2 for 0.035 at% N-Ti alloy as an example. In the figure the coordinates are properly shifted in order to include all the experimental data for three grain sizes. It is seen from the figure that a linear relationship holds at long times to yield a limiting slope of S'=m*/(1-m*) according to eq. (7), though deviations from a straight line occur in the early period of the stress relaxation. . The values of m* deduced from the Li-Gupta method will be listed later in Table 5 for comparison.
In the Li-Gupta method, one has to evaluate the stress relaxation rate with extreme care from the relaxation curve, whose curvature becomes quite small at long times so that the resultant error in the stress rate becomes large. Again, especially for the materials whose m* is large, the slope in a log-log plot of the stress rate versus time becomes too small to evaluate m* exactly.
Let us now consider the alternative method, eq. (10), for analyzing the stress relaxation curves. Fig. 5 are log-log plots of the relaxed load versus time for Ti-0.035 at% N alloy of 2 microns grain size. The experimental data points are well represented by straight lines whose slope varies with the plastic strain where the relaxation is made. m calculated from the slope S according to eq. (11) increases with increasing plastic strain. The values of m as a function of strain are listed in Tables 3 and 4 for the in Fig. 6 for Ti-0.035 at% N alloy as an example. Straight lines can be drawn through the experimental data points for each grain size at each temperature. To exclude the effect of strain on m, straight lines are now extrapolated to zero strain to obtain m0. The intercept value of m0 shows a grain size dependence, which is depicted in Fig. 7 , where m0 is plotted against the reciprocal of the square root of grain size. Therefore, the grain size dependence is excluded by extrapolating straight lines to infinitive grain size (d-1/2=0) and the extrapolated m0 is now designated m*. Namely, the dislocation velocity-stress exponent m* is obtained from the stress relaxation tests by the double extrapolations (12) The derived values of m* from the stress relaxation extrapolation method (m*)ext. and those from the strain rate cycling tests are given in Table 5 . There occurs good agreement in the values for the various techniques.
Depicted in
are shown in Fig. 8 on a semi-log plot. Straight lines can be drawn through the data points for the three grain sizes in each alloy. For the present alloys the strain and grain size. It has been shown by Feltham (2) and Sargent(5) that the slope S" of such plots is related 
constant independent of both strain and grain size, but depends strongly on the nitrogen concentration. This is also shown in Tables 3 and 4 . The constancy of is depicted in Fig. 10 Li-Gupta and Okazaki-Conrad analysis. This dependence of 1/V* on C1/2 is explained as follows. Considering the obstacles to be individual interstitial on the slip plane is given by (22) Taking into account the dislocation line tension, an average spacing l* between the obstacles along the
